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Stratigraphic studies have emphasized the use of multiple, geochemical and geochemical 
proxies to investigate critical geologic boundaries, events and their correlation throughout the 
entire Phanerozoic. In this study, an emerging geophysical proxy, mass-specific, low-field 
magnetic susceptibility (χ) is used to investigate the global correlation of the Guadalupian-
Lopingian (G-L) boundary, to better resolve and supplement biostratigraphic correlations, 
including inferred G-L boundary sections defining the base of the North American Ochoan 
Series. The North American Ochoan Series of West Texas, defined lithostratigraphically by the 
contact between the Bell Canyon and Castile Formations, represents a unique and well-studied 
sequence in the Delaware Basin, West Texas, but it has not yet been possible to tie the Ochoan to 
international type sections, including the Guadalupian-Lopingian (G-L) Global Boundary 
Stratotype Section and Point (GSSP), due to biostratigraphic ambiguities. χ results, and their 
correlations may be used for global, isochronous correlation tied to both eustasy and global 
climate throughout distributed marine basins. This study presents regional and global χ results 
for sections in Texas and China to investigate the correlation of the G-L boundary, the correlation 
of both global conodont biozones and lithofacies, and the placement of the North American 
Ochoan Series. 
These χ correlations reinforce the biostratigraphically defined position of key conodont 
biozones in both Texas and China and indicate that the G-L boundary very nearly corresponds to 
the start of the Ochoan Series in Texas, and to the base of unit E in the West Texas EF section, 
despite the absence of the defining conodont C. postbitteri postbitteri. Lithostratigraphic 
correlations, depositional facies and χ trends were interpreted to represent distinct systems tracts, 




lithostratigraphic cycles may represent a globally correlated fifth-order climate cyclicity. 
Coincident changes in global facies, in China and Texas, suggest that the G-L boundary 
represents a period of significant environmental change and warming, producing global evaporite 






High-resolution stratigraphic studies, utilizing sample intervals ≤ 10 cm, are increasingly 
utilized to investigate critical geologic boundaries and events throughout the Phanerozoic. 
Chronostratigraphy is increasingly a key consideration in such efforts, but many studies continue 
to emphasize a regional stratigraphy with poorly defined or uncertain chronostratigraphic 
affinities. These complexities have limited the ability of previous workers to extend their 
research globally, from the Guadalupian Series in West Texas, despite the recent establishment of 
Global Boundary Stratotype Sections and Points (GSSPs) defining the base of the Roadian, 
Wordian and Capitanian stages within Guadalupe Mountains National Park 
(https://engineering.purdue.edu/Stratigraphy/gssp/; Ellwood et al., 2012 in press). 
1.1. Previous Attempts at Global Correlation  
Regional and global correlation of Permian strata have been previously investigated, 
using techniques such as biostratigraphy, lithostratigraphy, sequence stratigraphy, 
magnetostratigraphy, chemostratigraphy, and cyclostratigraphy (Slowakiewicz et al., 2009; Shen 
et al., 2010).  Biostratigraphy represents the standard technique for correlation within marine 
sequences, but numerous factors have limited the ability to correlate specific biozones globally at 
high-resolution (Prothero, 2004). Techniques such as chemostratigraphy have been used to 
correlate key stratigraphic boundaries globally, such as the negative carbon isotope excursion 
defining Permo-Triassic boundary, but the interpretation of these records can be ambiguous and 
are not always useful for correlation (Voigt and Hilbrecht, 1997). Sequence stratigraphy was also 
proposed as an alternative method for global correlation, when it was possible to recognize and 
correlate changes in base-level that are eustatic in origin, tied to sequence stratigraphic and sea-




Sequence stratigraphy has allowed for the isochronous correlation of stratigraphic surfaces 
globally (e.g. Eros et al., 2012), but the resolution of traditional sequence stratigraphic studies, 
often utilizing sample intervals ≥ 1 m,  has proven inadequate to resolve key stratigraphic 
sections. Emerging techniques, such as magnetic susceptibility (χ), gamma-ray spectroscopy 
(GRS), and certain geochemical techniques are increasingly used in stratigraphic studies, 
allowing for the correlation of eustatic and climatic events, believed to be global in nature. High-
resolution studies have demonstrated the potential to recognize and correlate multiple scales of 
cyclicity, including fifth-order (<100 kyr; Goldhammer et al., 1990; Weedon, 2003) climate 
cycles such as those associated with variations in orbital obliquity and procession (e.g., Ellwood 
et al., 2008; Ellwood et al., 2011).  
1.2. Magnetic Susceptibility (χ) 
Measurements of bulk, mass-specific, low-field magnetic susceptibility (χ) on field 
samples (~ 10 g) collected from closely sampled (≤ 10 cm) sedimentary sequences, and their 
results, have been used to reconstruct records of critical boundary events in Earth history 
(Ellwood et al., 1999). χ is an indicator of how susceptible a material is to becoming magnetized 
in an inducing magnetic field, which is a function of mineralogy. χ measurements are made on 
bulk samples, scaled relative to mass. In marine sequences, it has been demonstrated that χ is 
most often controlled by the paramagnetic mineral assemblage included within a sedimentary 
sequence (Ellwood et al., 2000). Paramagnetic components include clay minerals such as illite, 
and certain compounds containing iron and magnesium (e.g. iron and magnesium carbonates, 
iron sulfides, etc.). Diamagnetic minerals such as calcite and quartz are associated with weak, 
negative susceptibilities that exert only a minimal influence on the χ signal (Ellwood et al., 




carbonate to detrital-clastic components, which have been tied to changes in the rate of 
weathering and detrital sediment flux (Ellwood et al., 1999).  Here χ is used to provide a 
quantitative assessment of a detrital-clastic component in sedimentary sequences, which is 
sensitive to both eustasy and global climate, in addition to local factors.  
1.3. Biostratigraphy  
Well-defined biozones based on the occurrence of specific genera have been used for 
regional and global correlation and the definition of chronostratigraphic units throughout the 
Phanerozoic (e.g., Gradstein et al., 2004). Biostratigraphy relies upon the assumption that the 
appearance and/or disappearance of key organisms occurs at a discrete, defined point throughout 
globally distributed locations and depositional settings, but real world biostratigraphic 
correlations, such as those tied to the first appearance (FA) and last appearance (LA) of a 
particular species are regularly diachronous (Prothero, 2004). Controlling factors such as 
depositional facies or general environmental conditions may exercise significant influence on the 
appearance of a new organism in a given area. Even the occurrence of key index fossils is known 
to exhibit a measurable lag, between the origination of a new species and its’ FA in distributed 
global basins (range offset; Holland and Patzkowsky, 1999).  
The quality of biostratigraphic datasets are also limited by study resolution and poor 
extraction practices, which are used to recover fossil remains from bulk rock samples, limiting 
the ability of workers to correlate sections, or generally resolve events in geologic time (Nestell, 
M., Personal communication). χ datasets may supplement biostratigraphic datasets and 
correlations, providing the potential for unambiguous and high-resolution global correlations 
(Ellwood et al., 1999). Detailed biostratigraphic zonations have been defined for the Permian 




has been defined biostratigraphically and is placed at the first occurrence of the conodont 
Clarkina postibitteri postbitteri (Jin et al., 2006). Several studies have investigated global 
biostratigraphic correlation using conodont biozones, including inferred G-L boundary locations 
in both the US and China. Shilong et al. (1998) noted general similarities among conodont 
genera recognized in both the US and China, but more recent studies suggest significant 
differences at the species level (Lambert et al., 2002). These discrepancies may be due to a 
number of factors, including differences in identification criteria among certain working groups 
(Nestell, M., Personal communication). Alternatively, these distinctions may reflect regional 
faunal differences, including the diachronous appearance and/or disappearance of certain genera. 
Previous attempts at global correlation have also been limited by a significant facies 
transition, from fully marine to restricted marine conditions, close to the inferred G-L boundary 
in the US. This transition is represented by a major lithostratigraphic boundary, the Bell Canyon 
– Castile, Guadalupian – Ochoan transition in North America (King, 1942). The last recognized, 
uppermost, conodont zone, C. postbitteri hongshuiensis, is clearly identified as Guadalupian, but 
C. postbitteri postbitteri, the conodont defining the G-L boundary, is not recognized in Texas. 
While the approximate position of the boundary is known in Texas, it has not been possible to 
confirm its precise position using biostratigraphy (Nestell et al., 2010).  
 Lithostratigraphic, geophysical and sequence stratigraphic techniques are independent of 
many of the problems associated with biostratigraphy and may serve to resolve certain 
ambiguities. This study utilizes a multi-faceted approach to examine the correlation potential of 
χ, biostratigraphic and lithostratigraphic datasets spanning the G-L boundary, including global 








Figure 1: Global paleogeographic reconstruction for the late Permian with the locations of 



























2. GEOLOGIC BACKGROUND 
 
Previous investigations of the Lopingian Series in North America have been limited by 
the availability and accessibility of continuous successions and chronostratigraphic ambiguities, 
such as those addressed in this study (Kirkland, 2003).  
2.1. Apache Mountains, Delaware Basin, West Texas 
The development of contemporary models of the Permian in West Texas, and 
Southeastern New Mexico (Fig. 2), can be largely attributed to the work of Philip B. King             
(King, 1942), who was among the first to study the whole Permian System within a regional, 
chronostratigraphic framework. King worked throughout the Trans-Pecos region, including the 
upper-part of the Guadalupian and the North America Ochoan Series in the Apache Mountain 
region, Texas, where this study and other contemporary efforts have been focused (Lambert et 
al., 2002; Nestell et al., 2010).  
The Delaware Basin is an intra-cratonic sag, associated with middle to late Pennsylvanian 
Marathon-Ouchita compression from the south (Hill, 1984). The Permian System in the 
Delaware Basin consists of Cisuralian to post-Guadalupian strata, including the North American 
Ochoan Series, much of which is exposed in the Guadalupe, Delaware, Apache and Glass 
Mountains (King, 1942). In the Delaware Basin, the transition from the Guadalupian to the  
Ochoan (G-O) records a shift from predominantly clastic to evaporitic lithologies, which are 
recognized throughout the Delaware Basin. The G-O transition has been previously interpreted to 
reflect regional basin barring, allowing for the development of hyper-salinity (Kirkland, 2003).   
Late Guadalupian, Capitanian Stage strata are exposed in the Apache Mountains region, 
consisting of exposed algal reef and equivalent basinal strata (Wood, 1968). The section was 





Figure 2: Permian Basin regional maps including the Apache Mountains study area, located east 
of Van Horn, Texas, and off Ranch Road FM 2185. The locations of sections EF and M are 
depicted, alongside the regional geology. Local lithologic units consist of the Bell Canyon 
Formation, the Castile Formation and the overlying Rustler Formation. Modified after Dutton et 




Tertiary tilting and uplift was concurrent with basin and range extension in the Western US 
(Hills, 1984).  
In the Delaware Basin, the shelf margin was predominantly a shallow marine carbonate 
system, whereas equivalent basinal sequences are largely composed of clastics, primarily 
siltstones and fine sandstones sourced from updip Aeolian systems (Scholle, 2002). Slope and 




exposed in the Apache Mountains region. Detailed biostratigraphic analysis identified several 
key sections (Fig. 2), representing the uppermost Guadalupian Series to the end of the C. 
postbitteri hongshuiensis conodont biozone, which is recognized as uppermost Guadalupian in 
South China (Jin et al., 2006). Even though the conodont defining the G-L boundary, C. 
postbitteri postbitteri, has not been recovered in West Texas, the identification of C. postbitteri 
hongshuiensis suggests that the transition from the Guadalupian, Bell Canyon Formation, to the 
Ochoan, Castile Formation, is close to or possibly coincident with the internationally accepted 
G-L Boundary (Nestell et al, 2010). This is tested here.  
2.2. Laibin Syncline, Guangxi Province 
The Lopingian was first described in marine strata overlying the Guadalupian age 
Maokou Limestone in South China (Grabau, 1923). Complete G-L sequences (Fig. 3) were 
described near Laibin, Guangxi Province, South China, where the formal G-L GSSP was defined 
by Jin et al. (2006). Controversy continues to surround the identification of key conodont genera 
(Henderson et al., 2000) and their ancestory (Wardlaw and Nestell, 2010), limiting previous 
efforts to reconcile a global biostratigraphy in Texas.  
Throughout the late Paleozoic and early Triassic, the Jiangnan Basin, South China, was 
part of a slowly subsiding carbonate platform. At Penglaitan and Tiequao, China, the exposed 
sections consist of the upper part of the Maokou Formation, Laibin Limestone Member, and the 
overlying Heshan Formation (Jin et al., 2006). The G-L type section, the GSSP at Penglaitan, and 
a secondary section at Tieqiao, are primarily composed of dark chert rich limestone, which is 
interpreted as representing predominantly deep-water facies. The upper part of the Maokou 
Formation is composed of coarse grained, fossiliferous limestones, more characteristic of 




within the matrix of the Laibin Limestone Member, which was coincident with coeval volcanism 
near Emeishan, SW China (Wignall et al., 2009).  
Basinal and shallow marine facies spanning the Guadalupian and Lopingian Series are 
well exposed along both flanks of the Laibin Syncline, near Laibin, in South China (Fig. 3). 
While the facies at Penglaitan and Tieqiao are broadly similar, Tieqiao is interpreted as 
representing a more distal depositional setting (Wignall et al., 2009). 
 
Figure 3: Laibin regional map highlights the locations of key sections including those at Tieqiao 
and the G-L GSSP at Penglaitan. These sections include Capitanian and Wuchiapingian age 
strata, deposited within the Jiangnan Basin, and exposed along both limbs of the Laibin Syncline 







3. FIELD SAMPLING AND METHODS 
This study reports results from samples obtained from two field excursions to the Apache 
Mountains region of West Texas and an extended trip to South China. Whenever possible, study 
results were fully integrated within the context of previously published results and tied to an 
established biostratigraphic framework.  
3.1. Field Sampling  
This study reports results from four stratigraphic sequences, including the type sections 
designated EF and M in West Texas (Lambert at al., 2002), the G-L GSSP at Penglaitan and an 
equivalent section at Tieqiao, near Laibin, China (Jin el al., 2006). Samples were collected for χ  
analysis from all study sections. All samples were collected from outcrop using a rock hammer 
and chisel. A sample interval of 5 cm was utilized at the EF, M and Penglaitan sections, while the 
Tieqiao section was collected using a variable sample interval (2 to 10 cm) to optimize sample 
collection close to the G-L boundary. Study sections were cleaned and ground cover was 
removed to provide full exposure prior to sampling. Samples were carefully selected to avoid 
zones of calcite mineralization and regions that were notably altered. All sections were fully 
described and photographed.  
3.2. Magnetic Susceptibility (χ) 
All χ measurements were performed using the Williams susceptibility bridge in the Rock 





(Ellwood et al., 1999). Samples were carefully crushed prior to analysis in order to minimize the 
anisotropy of χ. Approximately 10 grams of material from each sample was measured a 









3.3. Thermomagnetic Susceptibility (K) 
Thermomagnatic susceptibility analysis was performed on select field samples from the 
G-L GSSP, China, using the KLY S3 Kappa Bridge (manufactured by AGICO, Czech Republic) 
in the Rock Magnetization Laboratory at LSU. Thermomagnetic susceptibility analysis involves 
raising the temperature of a sample from room temperature to 700 C, while measuring changes 
in magnetic susceptibility (K) as a function of temperature. Thermomagnetic results were plotted 
as K in SI units, (dimensionless), relative to changes in temperature during both heating and 
cooling.   
3.4. Gamma-Ray Spectroscopy (GRS) 
GRS analysis was performed using two distinct approaches. A portable GRS detector 
(RS-230, manufactured by Radiation Solutions, Inc.) was utilized for GRS analysis in a field 
setting at section EF, Texas. A spacing of 10 cm and a count time of 120 seconds was utilized for 






U, which were determined from GRS spectra and quantified using the RS-Analyst 
software package. Calibration and background corrections were automatically applied at the time 
of measurement, following accepted industry practices.   
Laboratory GRS analysis was performed using a high-purity Germanium detector housed 
in the Radiation Safety Office at LSU. This instrumentation allowed for the analysis of small, 
discrete field samples in a laboratory setting. Results were obtained from GRS spectra after 
counting select samples (8 - 35 g) for 3 - 12 hours. GRS results are presented as counts-per-





Pb and 40.77 counts for 
226
Ra over 1 hour. These nuclides represent the decay of or 












K at 610 keV allowed it to be easily defined in GRS spectra, but it was not possible to 




Ra due to both inadequate count 
times and sample volumes.  
3.5. Presentation of Project Results  
Data analyses and results are provided as both raw data (χ in Appendix A; GRS in 
Appendix B) and as interpreted figures and stratigraphic logs, where an attribute, such as χ, is 
plotted relative to stratigraphic height. These results are presented on linear scales and overlain 
by smoothed curves obtained using a low-pass filter. All data were plotted using Matlab® 
(2009a, The MathWorks
TM
) and drafted for presentation using Inkscape (GNU open source 






















4.1. Lithostratigraphy  
4.1.1. Apache Mountains, Texas  
        Several sections in the Apache Mountains region record the Guadalupian - Ochoan 
transition (G-O), which is defined lithostratigraphically but inferred to represent the approximate 
position of the G-L boundary in North America (Slowakiewicz et al., 2009; Nestell at al., 2010). 
Sections M and EF (Lambert et al., 2002) contain the G-O boundary, representing the transition 
between the Bell Canyon and Castile Formations (Figs. 4 and 5). The Bell Canyon Formation 
consists of calcareous siltstones to very fine sandstones, commonly interbedded with massive 
lime-mudstones, whereas the Castile Formation is composed of laminated carbonate mudstones. 
Unit designations used here for G-O type section EF follow the designations established by 
Nestell and Nestell (2010). Units consist of five distinct lithofacies, listed in Table 1 and 
presented in Fig. 6. 
 
Table 1: General lithologic descriptions and thicknesses of units defined at section EF, Texas.  












Unit E (Top) Massively bedded carbonate 
mudstone (E1) overlain by 
laminated carbonate facies (E2) 
0.86 m  
Unit D Interbedded carbonate 
mudstone and red siltstone 
1.12 m 
Unit C Massive bedded carbonate with 
rare grading 
4.08 m 
Unit B Interbedded carbonate 
mudstone and red siltstone 
1.80 m 
Unit A (Base) The top of unit A is an 

























Figure 4: Upper Guadalupian strata, including the Guadalupian-Ochoan boundary, between D 
and E, are exposed in Apache Mountains section EF. Unit labels, A – E, after Nestell and Nestell 





















Figure 5: The contact between the Bell Canyon and Castile Formations is marked by a transition 




































Figure 6: Results from the Guadalupian – Ochoan transitional section EF including: lithostratigraphy, specific conodont  




Th) and uranium (
238
U). Unit labels, 





Section M, ~ 1 km west of section EF (Fig. 2), consists almost exclusively of bedded 
carbonate mudstones (Fig. 7) that are roughly equivalent to units C and D in section EF. Many of 
the limestone beds at section M were graded. Occasionally, individual beds were observed to thin 
laterally. The lithologic character of sections M and EF are similar. Results from section M are 





Figure 7: The limestone at section M, equivalent to member C at section EF, is composed of 
fining upward beds, primarily of carbonate mudstone with gravel size clasts near the base of 









Figure 8: Results from the Guadalupian – Ochoan transitional section M including: lithostratigraphy, specific conodont 





4.1.2. Laibin Syncline, Guangxi Province 
 
Numerous sections near Laibin, China, record the G-L boundary on both limbs of the 
Laibin Syncline (Fig. 3). The GSSP boundary at Penglaitan is nearly coincident with the contact 
between the Maokou Formation, Laibin Limestone Member, and the Heshan Formation (Figs. 9, 
10 and 12). Much of the Maokou - Heshan sequence is dominated by radiolarian chert, whereas 
the Laibin Limestone Member represents a distinct lowstand lithofacies, composed of crinoidal 
grainstone at Penglaitan, and grainstone to wackestone at Tieqiao. The GSSP point occurs less 
than a meter below a major lithologic break at Penglaitan (Fig. 10), which has been characterized 
as a point of maximum flooding and highstand (Wignall el al., 2009). Significant 
lithostratigraphic units (Jin et al., 2006) at Penglaitan are listed in Table 2 and presented in 
Figure 11.     
 
Table 2: General lithologic descriptions and thicknesses of the units defined at the G-L GSSP, 
China. Descriptions from: this study, Jin et al. (2006), and Wignall et al. (2009).  
 
  G-L GSSP units        Description                                                   Thickness 
Bed 7 (Top) Dark cherty limestone with rare clay 
horizons 
2.19 m 
Bed 6 Thick bedded crinoidal grainstone and 
packstone with thin clay horizons  
1.61 m 
Bed 5 Thick bedded crinoidal grainstone and 
packstone with thin clay horizons and 
glauconitic limestones  
0.69 m 
Bed 4 Crinoidal packstone 0.69 m 
Bed 3 (Base) Massive crinoidal packstone-wackestone 









Figure 9: The Guadalupian-Lopingian boundary is defined biostratigraphically, close to the top 
of the Maokou Formation. The overlying Heshan Formation is lithologically distinct and 













Figure 10: The Guadalupian-Lopingian boundary is defined biostratigraphically but adjacent to 
an abrupt lithologic transition, defined by the contact between the Maokou Formation, Laibin 




Figure 11: Results from the Guadalupian-Lopingian boundary section at Penglaitan including: lithostratigraphy (this study; Jin et 
al., 2006; Wignall et al, 2009), specific conodont zonations (Mei et al., 1998), χ and the positions of major faunal extinctions (Shen 




/kg, were plotted off-scale. Very high χ values may reflect evidence of 





Lithofacies similar to those observed at the G-L GSSP were noted at Tieqiao. A number 
of clastic horizons, similar to those in Bed 5 and 6 at Penglaitan, were noted close to the 
boundary position (Fig. 12). Results from Tieqiao are presented in Figure 13.  
 
Figure 12: The Guadalupian-Lopingian boundary at Tieqiao is defined biostratigraphically in 
steeply tilted strata. Overall, the section at Tieqiao is expanded and contains more clastic 
horizons than equivalent strata in bed 6 at Penglaitan.  
 
 
4.2. Magnetic Susceptibility (χ) 
 
χ results from all sections generally fall within a relatively narrow range, between 0.25 




/kg (Figs. 5, 9, 13 and 14). These values fall on the low to mid-range for 
marine sequences (Ellwood et al., 2000). Several clastic horizons in China were associated with 













Figure 13: Results from the Guadalupian-Lopingian boundary section at Tieqiao including: lithostratigraphy (this study; Jin et al., 










show that samples are generally dominated by paramagnetic constituents at low temperatures, 20 
and 200 C, where K decreases with a concave up geometry (sample GL-72 in Fig. 14), during 
heating. The thermomagnetic breakdown of sample GL-23, with an increase in temperature, is 
clearly defined between 450 and 550 C, where a strong magnetic component is generated by the 
breakdown of paramagnetic minerals to a ferrimagnetic phase during heating. This behavior is 














Figure 14: Thermomagnetic susceptibility (K) heating (solid) and cooling (dashed) curves for 
select samples from the G-L GSSP suggest that K is dominated by paramagnetic constituents.  
 
 
4.2.1. Apache Mountains, Texas  
 
χ results from the Apache Mountains include G-O transitional sections EF and M             




units, where the M section contains strata equivalent to units C, D and E at EF. χ for the two 
sections were observed to match relatively well (Figs. 6 and 8), despite subtle differences in 
reported lithofacies. At both sections bedded limestones, equivalent to unit C at EF, returned low 
χ values and higher values were noted within lithologies equivalent to unit D at EF; a transition 
back to lower χ was noted at the G-O boundary. Within both sections, χ was well correlated with 
variations in bulk lithology, where the highest χ values were associated with clastic, silt-rich 
lithologies. More subtle variations in χ were noted within and between calcareous lithologies 
(Figs. 6 and 8). The lowest χ values at the EF section were found within the Castile Formation. χ 
variance within the interbedded lithologies, B and D, is much higher than in adjacent lithologies. 
In general, χ tended to be lower at section M, which was composed of a larger proportion of 
carbonates, compared with equivalent strata at section EF.  
4.2.2. Laibin Syncline, Guangxi Province 
χ results from the Laibin area include the G-L GSSP at Penglaitan (Fig. 11) and a 
secondary section at Tieqiao (Fig.13; Jin et al., 2006). The sections are known to contain 
equivalent lithostratigraphic and biostratigraphic units, where the upper ~ 3 meters collected at  
Tieqiao are equivalent to beds 4, 5 and 6 at Penglaitan. χ for the two sections were observed to 
match relatively well (Figs. 11 and 13), despite the fact that the section at Tieqiao is significantly 
expanded, relative to the GSSP, and represents a more distal depositional setting (Wignall el al., 
2009). 
χ variability in Bed 6 at  Penglaitan (Fig. 11) and Tieqiao (Fig. 13), in China, was similar 
to that observed at section EF in Texas (Fig. 6), where increased variance below the 
Hongshuiensis biozone is related to the abundance of clastic horizons. At Penglaitan, a baseline 




chert-rich limestones, which were also recognized at Tieqiao but were not sampled. Lower χ 
values near the base of Bed 4 at Penglaitan (Fig. 11) are equivalent to the massive Laibin 
Limestone at Tieqiao (Fig. 13), where χ values were generally low, but increased minimally 
toward the top of the sampled section.  
4.3. Gamma-Ray Spectroscopy (GRS) 
4.3.1. Apache Mountains, Texas  
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Th, that generally correlated with significant changes in lithology (Fig. 6). 
Variations in 
40
K dominate the GRS results, with counts ranging from ~150 - 600 cpm. Variations 
in 
232
Th generally mirror those of 
40
K, both correlating with an increasing clastic component, 
with a slight divergence above 8 meters, where 
238
U begins to increase somewhat, perhaps 
reflecting an increase in the total organic component within the Castile Formation (Ellis and 
Singer, 2008).  
Select samples were collected from the EF section for analysis using the laboratory GRS 
detector at LSU, to allow for a direct comparison of laboratory and field-based measurements. A 
cross-plot of both datasets reveals only a slight correlation (R
2
 =0.25), due to significant 
differences in instrumentation (Fig.15).  
4.3.2. Laibin Syncline, Guangxi Province 
 
Laboratory GRS analysis of select samples from Penglaitan were conducted at LSU. 
40
K 
results were highly variable and very poorly or non-correlated (R
2
 ~ 0.24) with equivalent χ 
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Figure 15: Equivalent samples from Texas section EF were analyzed using both field and 
laboratory GRS techniques. These data suggest both techniques produce results that are very 






























Figure 16: Equivalent samples from the G-L GSSP were analyzed for both χ and GRS using the 
laboratory detector. A cross-plot of these data suggests that 
40
K is very poorly or non-correlated 



















5.1. Global Correlation and Biostratigraphic Zonations  
Many of the conodonts described in Texas (Lambert et al., 2002) have not been reported 
or were found at significantly different stratigraphic positions in China (Fig. 17; Jin et al., 2006). 
Additionally, the diversity of conodont genera described in Texas is significantly greater than 
that reported at the GSSP at Penglaitan. χ datasets were correlated utilizing the first appearance 
of C. postbitteri hongshuiensis and J. xuanhanensis (Fig. 18). Additional correlations were 
possible using correlative χ components, key lithostratigraphic surfaces, such as defined 
members, parasequences A – E at section EF in West Texas, which could be tied, in some cases, 
to equivalent stratal packages in China.  
It was possible to correlate the EF type section in Texas to the Penglaitan and Tieqiao 
sections in China using key biozones and prominent stratigraphic surfaces from EF, such as the 
base of unit C, the base of unit D, and individual clastic beds within unit D (Fig. 18). Data from 
sections EF, M and the GSSP (Figs. 6, 8 and 18) display a significant shift to lower χ values 
corresponding approximately with the base of the Hongshuiensis biozone. The FA of C. 
postbitteri hongshuiensis, however, occurs somewhat lower in China, than in Texas, and 
precedes the shift in χ. Significant stratigraphic surfaces, including a sequence boundary and 
flooding surfaces were interpreted in accordance with previous work (Wignall et al., 2009) and 
expanded within a global context.  
5.2. Controls on the χ Signal 
General agreement between GRS and χ datasets (Ellwood et al., in review; this study) 





Figure 17: Upper Guadalupian conodont zonations, from Texas and South China, differ 
significantly at the species level, including the positions and ranges of individual taxa in addition 




Figure 18: Global correlation of χ datasets and select conodont biozones (Nestell et al., 2010; Mei et al., 1998) reveals strong 
similarities among regional and global sections, including Texas and South China. χ datasets are presented as raw data points  
(triangles) and overlain by smoothed curves obtained using a low-pass filter. Colored, dotted lines are inferred to represent  
significant stratigraphic surfaces (SB = Sequence boundary; TS = Transgressive surface). It was possible to correlate specific  
clastic beds globally (brown lines), such as those near the G-L boundary. Extended GSSP lithostratigraphy modified from  









Th abundance in GRS datasets (Fig. 6). Similarly, thermomagnetic 
susceptibility analysis of select samples from the G-L GSSP reveals that χ is mainly due to a 
paramagnetic, detrital-clastic component (Fig. 14). χ within sections are strongly associated with 
lithologic contrasts in the field, and correlate with broad shifts in GRS datasets collected at 
section EF in Texas. Therefore, it is clear that χ is controlled by the influx of a detrital-clastic 
component at the sections studied here, providing the potential for global correlation. Such 
potential lies in the inference that it is possible to recognize variations in χ which are globally 
isochronous and related to factors such as eustasy and global climate.  
5.3. A Comparison of Global χ and Biostratigraphic Correlations 
Significant biostratigraphic complexities have previously limited the ability to correlate 
the G-L boundary to globally distributed sections. This is due to significant disagreements 
regarding the identification and ancestry of specific conodont taxa (Henderson et al., 2000).  
Additionally, significant differences were noted in the diversity of reported conodont taxa (Fig. 
17). For example, Nestell et al. (2010) reports 11 distinct conodont species at section EF in 
Texas, while equivalent work in China reports only 5 species, with little to no overlap from one 
species to the next, thus contrasting with the record in Texas (Mei et al., 1998; Nestell et al., 
2010). In addition, the positions of several of the key species differ significantly. For example, 
the appearance of J. granti falls within the Hongshuiensis biozone at EF in Texas, but occurs 
much lower within the GSSP section at Penglaitan. 
Specific differences may be due to geological or faunal complexities, but wholesale 
differences are most likely due to problems with the identification of specific taxa and the 
extraction practices of certain workers (Nestell, M., Personal communication). Some degree of 




slightly higher in the EF section than may have been predicted (Fig. 18). Global correlation of 
the uppermost Guadalupian, including strata equivalent to the G-L boundary, can be 
accomplished using several distinct conceptual models (Fig. 19).  The condensed-erosional 
model suggests that the shift to low χ values, close to the FA of C. postbitteri hongshuiensis in 
Texas, and above the FA of C. postibitteri postbitteri in China, are in fact equivalent. Thus, strata 
equivalent to that interval between the FA of C. postbitteri hongshuiensis and the shift in χ are 
significantly condensed or eroded in Texas. Alternatively, the missing C. postbitteri postbitteri 
occurrence model suggests that the χ shift, equivalent to the base of the Castile Formation in 
Texas, and the base of the Heshan Formation in China, are not equivalent and the expected 
occurrence of C. postbitteri postbitteri would fall within the Castile Formation. If this model is 
correct, then the probability of recovering evidence of C. postbitteri postbitteri within the 
Ochoan Series is low because its appearance would have been limited by the evaporative facies 
found throughout the Delaware Basin. It has been shown that sections in Texas are condensed 
relative to those in South-east Asia (Fig. 18). Therefore, the reported first appearance of the 
conodont Clarkina postbitteri honguiensis at section EF is most likely the result of the relative 
condensation of units D and E in Texas (Fig. 6). If this is true, it may be possible to recover 
evidence of C. postbitteri postbitteri in more expanded, basinal sections in Texas, within the 
upper part of the Bell Canyon Formation. The presence of a significant unconformity at or near 
this stratigraphic position is unlikely, as an unconformity would likely be characterized by the 
absence of C. postbitteri honguiensis and evidence of C. postbitteri postbitteri or a later 
conodont zone in Bed E. Despite these complexities, the correlations among χ datasets confirm 
that the sections studied here are generally equivalent and that key conodont occurrences have 






































Figure 19: Distinct correlation models can be used to investigate the placement of the G-L 
boundary in North America. χ shift refers to the geophysically distinct transition marking the 








suggest that strata equivalent to the G-L boundary in Texas may be found at the base of unit E in 
section EF, which is generally equivalent to the base of Bed 7 at the G-L GSSP at Penglaitan. 
5.4. Eustasy and Sequence Stratigraphy 
 
Regional and global correlations of the G-L boundary are shown using χ datasets in 
Figure 18. In the Apache Mountains, differences in adjacent sections, EF and M, are related to 
subtle differences in depositional facies, where the more proximal sequence, M, is generally 
condensed and dominated by calcareous lithofacies. This same relationship was observed in 
China, where the expansion of the D equivalent lithofacies, from EF, reflects a more distal 
depositional setting. In addition, the Tieqiao section appears to be expanded somewhat and thus 
is more distal than equivalent strata in the GSSP at Penglaitan (Wignall et al., 2009). This is 
supported biostratigraphically, where study sections show consistent expansion in distal 
depositional settings (Fig. 18). Additionally, a clear trend is observed where distal, expanded 
sequences tend to have higher average χ values, relative to proximal sequences. This is likely due 
to proximity to the highly productive shallow-marine reef environment, updip from the carbonate 
platform in more proximal environments.       
Prominent lithologic packages spanning the G-L boundary reflect distinct eustatic trends 
and systems tracts that have been correlated globally, using both biostratigraphy and χ. This 
study extends previous sequence stratigraphic interpretations from Wignall et al. (2009) from 
China to Texas, where similar trends were observed (Fig. 18). Distinct units and surfaces at 
section EF, and equivalent surfaces in China, are distinguished as follows.  
5.4.1. Sequence Boundary (SB) 
 
Correlation of the EF section in Texas, with sections in China, suggests that the base of 




boundary between the Middle and Upper Absoroka Megasequence, in China, and is known to 
represent extreme lowstand conditions (Jin et al., 2006). At section EF, this position is defined by 
an abrupt lithologic transition (Fig. 6) to proximal calcareous facies with abundant debris flows. 
However, this surface is not characterized by a biostratigraphic break (Nestell et al., 2010) and 
may represent a correlative conformity. This surface is also defined by a distinct shift to lower χ 
values. 
5.4.2. Transgressive Surface (TS) 
Correlation of the EF and M sections in Texas, with sections in China, suggests that that 
base of unit D in EF is equivalent to a transgressive surface (Fig. 6). In Texas and China, this 
surface is marked by a series of clastic horizons, characterized by a distinct shift to higher χ, 
which show significant variance between high and low values.  
5.4.3. Maximum Flooding Surface (MFS) 
Correlation of the EF and M sections in Texas, with sections in China, suggests that the 
base of unit E is equivalent with a shift in global lithofacies (Jin et al., 2006; Slowakiewicz et al., 
2009), and a return to highstand conditions (Fig. 18; Wignall et al., 2009). This surface is defined 
by a transition, first to bedded carbonate mudstones, then to laminated carbonate mudstone, 
defining the G-O boundary in Texas, and a shift to very low χ (Fig. 6).  
5.4.4. Correlation and Interpretation of Stratigraphic Units   
 
The ability to correlate these surfaces globally using χ, tied to biostratigraphy, is clearly 
demonstrated by the results presented here. The global correlation of low χ values defining unit 
D, equivalent to the Laibin Limestone in China, seem to confirm a global lowstand sequence 




individual clastic horizons with the Penglaitan and Tieqiao sections in China, despite relative 
condensation in Texas (Fig. 18). The interpretation of a maximum flooding surface (Wignall et 
al., 2009) near the base of unit E at EF, equivalent to Bed 7 at Penglaitan, is based on an abrupt 
return to deep water facies in South-east Asia.  
5.5 High-Frequency Climate Cycles 
Strata composed of interbedded carbonate and clastic lithologies is recognized beneath 
and adjacent to the G-L boundary in China and beneath the G-O boundary in Texas. These 
distinct stratal packages were recognized in all four outcrop sections, and were defined using χ, 
revealing significant variance within interbedded lithologies (Fig. 18). These packages display 
consistencies between regional and global successions, such as progressive increases in the χ of 
clastic horizons with stratigraphic height, and even the apparent correlation of individual clastic 
beds. It is clear that these lithologies, which are rhythmically bedded, are consistent with fifth- 
order (<100 kyr; Goldhammer et al., 1990) cycles, using commonly accepted depositional rates 
(Ellwood et al., 1999). These high-frequency lithostratigraphic cycles may be tied to recognized 
climate cyclicities, such as orbital variations including obliquity or processional, which are 
global in nature (Weedon, 2003). Ellwood et al. (2012) utilized frequency analysis to suggest that 
similar cycles, recognized in adjacent sequences in the Apache Mountains, may represent these 
types of orbital variations. Similar, high-frequency cycles were also noted in Bed B at section EF 
in Texas (Fig. 6), but strata equivalent to this unit was not sampled in China and high-frequency 
variations were not defined throughout the remainder of the succession.  
5.6. Tying Together Global Environmental Change at the G-L Boundary  
Recent studies indicate that the G-L boundary coincides with a global extinction event, in 




biostratigraphic studies have recorded significant extinctions in fusulinids, conodonts and 
ammonites, many of which post-date evidence of volcanism (Slowakiewicz et al., 2009; Wignall 
et al., 2009).  Tuff-bearing intervals included in beds 4, 5 and 6 have previously been attributed 
to coincident volcanism in Emeishan, SW China, but extinctions in fusulinids, conodonts and 
ammonoids occur below and adjacent to the boundary position (Shen and Shi, 2009). In this 
case, extinctions appear to post-date the initial evidence of volcanism at Penglaitan and more 
closely correspond with the facies shift, χ shift, negative carbon isotope excursion and 
interpreted transgression marked by the transition from the top of Bed 6 to the base of Bed 7 in 
the G-L GSSP. In Texas, equivalent strata are marked by an abrupt transition from fully marine to 
restricted marine, evaporitic facies (Fig. 6).  
The development of the Ochoan and equivalent evaporite sequences (e.g. Zechstein 
sequence, Europe) have been attributed to basin restriction, permitting the episodic influx and 
evaporation of sea-water (Kirkland, 2003).Using a carbon isotope excursion near the recognized 
G-L boundary, Slowakienwicz et al. (2009) correlated the Ochoan to other global sequences, 
including Zechstein evaporates in Europe. Occurring during a period of inferred global 
transgression and very nearly coinciding with a major flooding surface at Penglaitan (Fig. 18; 
Wignall et al., 2009), it is now clear that this facies transition, observed both in the US and 
China, and likely correlating with the base of the Zechstein sequence in Europe, was strongly 
influenced by regional and global climate and the development of aridity, rather than eustasy or 
local barring.  
Evidence of dramatic climate change has been reported for the G-L, and also Permo-
Triassic (P-Tr.) boundaries, which have been characterized by rapid warming in both marine and 




at Meishan, China, suggest low-latitude surface waters may have warmed by 8 C (Joachimski et 
al., 2012), over a period of only ~110 kyr (Shen et al., 2011). In Texas, the G-L boundary is 
marked by a facies shift, but also the near elimination of silici-clastic deposition within the 
Delaware Basin (Kirkland, 2003). This interval appears to correlate with a eustatic highstand, in 
China, and also the development of thick evaporative sequences in Europe. It is clear that the 
correlation of these events is related to a global climate shift, approximately coinciding with a 
negative carbon isotope excursion in South China, but somewhat post-dating evidence of 
Emeishan volcanism at the G-L GSSP. The elimination of silici-clastic transport and deposition 
at the G-O boundary, in Texas, represents a significant event in the geologic history of the 
Delaware Basin. Coinciding with the development of aridity, and global highstand, the 
disappearance of silici-clastics may be related to the elimination of effective fluvial transport 
throughout the Ochoan, likely associated with the development of local hyper-aridity. In 
summary, the development and correlation of global sequences suggests that climate, rather than 















Tied closely to biostratigraphic datasets, χ has been used to correlate G-L boundary 





Th, and shown to be controlled mainly by a paramagnetic, detrital-clastic 
component. χ was utilized to correlate pairs of regional sections, EF and M in Texas, and 
Penglaitan and Tiequao in China. Then these datasets were extended to global correlation, 
reinforcing the biostratigraphically defined position of some conodont zonations in Texas and 
China. It is most likely that the C. postbitteri postbitteri zone is condensed in Texas, essentially 
falling at the base of unit E in section EF. Alternatively, it is possible that the appearance of C. 
postbitteri postbitteri is limited by depositional facies or some other factor. It is argued here that 
strata equivalent to the G-L boundary may be found at the base of unit E in section EF, 
corresponding with the start of the Ochoan Series in Texas, despite the absence of C. postbitteri 
postbitteri in that section.  
χ has been defined as an ideal tool for global correlation, allowing for the recognition of 
important stratigraphic surfaces and even the correlation of individual clastic beds. The character 
of distinct stratigraphic units is consistent in both Texas and China, including a well-defined 
fifth-order cyclicity at or just below strata equivalent to the G-L boundary, which may represent 
high-frequency orbital variations consistent with other work. Additionally, the apparent 
correlation of significant shifts in global facies at or just above the G-L boundary have been used 
to confirm previous evidence of global climate deterioration, and the development of hyper-
aridity in Texas, generally correlated with evidence of faunal extinction and a pronounced 
negative carbon isotope excursion in South-east Asia. It may also be appropriate to redefine the 






























7. FUTURE WORK 
 
Future studies concerning the G-L boundary in West Texas should emphasize more distal 
depositional settings where the upper part of the Guadalupian may be more fully preserved. In 
these settings, it may be possible to recover evidence of the defining conodont, C. postbitteri 
postbitteri, in the uppermost part of the Bell Canyon Formation, reinforcing the inferences and 
correlations presented in this paper. Expanded sequences may also allow for more detailed 
biostratigraphic analyses, including diverse fauna, to see if it is possible to discover evidence of 
extinctions correlating with the G-L boundary in North America. Additionally, if it was possible 
to obtain longer datasets, in North America and/or China, it may be possible to put the G-L 
boundary within a more complete regional and sequence stratigraphic context. This may also 
allow for a better understanding and quantification of inferred stratigraphic cycles and their 
hierarchy. χ datasets from the G-L GSSP should also be extended lower so that they include the 
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APPENDIX A: RAW MAGNETIC SUSCEPTIBILITY (χ) RESULTS 
 
 
Penglaitan Section, China 
 
   Sample χ (m
3
/kg) Height (m) Mass (g) St dev 
1 1.50E-008 0 9.835 6.888E-10 
2 1.92E-008 0.05 6.962 6.37172E-10 
3 1.31E-008 0.1 9.654 2.65333E-10 
4 2.23E-008 0.15 5.746 1.33724E-09 
5 1.95E-008 0.2 5.818 4.40369E-10 
6 1.56E-008 0.25 10.649 4.163E-10 
7 1.43E-008 0.3 7.173 1.28819E-09 
8 3.00E-008 0.35 5.476 1.23671E-09 
9 3.49E-008 0.4 6.575 7.77566E-10 
10 2.05E-008 0.45 8.258 3.09925E-10 
11 2.23E-008 0.5 8.683 8.83892E-10 
12 2.83E-008 0.55 6.899 9.80983E-10 
13 1.97E-008 0.6 10.456 4.89212E-10 
14 2.54E-008 0.65 6.83 7.49407E-10 
15 2.96E-008 0.7 4.991 1.84957E-09 
16 2.37E-008 0.75 9.595 7.04899E-10 
17 1.98E-007 0.8 6.062 4.13694E-09 
18 2.08E-008 0.85 10.314 4.29412E-10 
19 3.80E-008 0.9 6.848 1.3452E-09 
20 6.15E-008 0.95 5.789 7.62959E-10 
21 2.99E-008 1 9.719 4.55026E-10 
22 2.89E-008 1.05 10.192 9.03146E-10 
23 2.45E-008 1.1 10.323 8.5744E-10 
24 2.35E-008 1.15 10.54 1.45455E-09 
25 2.52E-008 1.2 9.963 6.78585E-10 
26 2.52E-008 1.25 10.114 6.68373E-10 
27 2.27E-008 1.3 6.609 0 
28 2.42E-008 1.35 9.118 0 
29 2.05E-008 1.4 9.533 5.36692E-10 
30 2.27E-008 1.45 10.255 9.96968E-10 
31 1.99E-008 1.5 10.32 1.0802E-09 
32 8.61E-007 1.55 1.843 0 
33 2.54E-008 1.6 10.25 1.38764E-09 
34 2.27E-008 1.65 8.415 8.04352E-10 
35 1.87E-008 1.7 10.236 4.99833E-10 
36 2.49E-008 1.75 10.45 2.44475E-10 
37 2.26E-008 1.8 9.45 5.41177E-10 
38 1.65E-008 1.85 11.128 2.2992E-10 
39 1.94E-008 1.9 10.532 0 
40 2.02E-008 1.95 10.193 2.50904E-10 
41 2.29E-008 2 9.234 1.10767E-09 
42 1.98E-008 2.05 10.602 4.17792E-10 
43 2.34E-008 2.1 7.886 1.16987E-09 





45 1.95E-008 2.2 9.732 6.95491E-10 
46 1.91E-008 2.25 10.685 4.1459E-10 
47 2.03E-008 2.3 10.221 1.00092E-09 
48 2.63E-007 2.35 10.255 1.64161E-09 
49 8.61E-007 2.4 8.876 3.32799E-09 
50 2.42E-008 2.45 10.465 7.32528E-10 
51 2.06E-008 2.5 10.703 4.13762E-10 
52 3.29E-008 2.55 7.073 1.3031E-09 
53 3.08E-008 2.6 7.798 1.31109E-09 
54 3.57E-008 2.65 9.217 9.58905E-10 
55 2.35E-008 2.7 8.853 2.88881E-10 
56 2.87E-008 2.75 7.735 8.74495E-10 
57 2.31E-008 2.8 10.855 6.22823E-10 
58 1.63E-008 2.85 10.614 6.37899E-10 
59 1.72E-008 2.9 10.154 5.04029E-10 
60 1.90E-008 2.95 10.732 4.12775E-10 
61 2.08E-008 3 9.271 8.27832E-10 
62 6.51E-009 3.05 10.483 7.33826E-10 
63 1.83E-008 3.1 10.849 4.08366E-10 
64 1.05E-008 3.15 9.078 0 
65 8.05E-009 3.2 10.276 2.49483E-10 
66 5.53E-009 3.25 10.37 0 
67 1.53E-008 3.3 10.637 6.36655E-10 
68 1.51E-008 3.35 10.418 4.91464E-10 
69 1.94E-008 3.4 10.616 6.37375E-10 
70 1.22E-008 3.45 9.918 2.58298E-10 
71 6.72E-009 3.5 10.422 2.4604E-10 
72 4.54E-008 3.55 10.534 1.2778E-09 
73 1.60E-008 3.6 10.132 5.05284E-10 
74 2.01E-008 3.65 9.892 4.47874E-10 
75 1.20E-008 3.7 10.563 2.425E-10 
76 9.29E-009 3.75 10.078 2.54331E-10 
77 1.11E-008 3.8 10.069 4.40745E-10 
78 1.24E-008 3.85 10.474 2.44535E-10 
79 1.32E-008 3.9 9.708 4.5699E-10 
80 1.50E-008 3.95 10.364 4.27838E-10 
81 1.73E-008 4 9.598 4.61885E-10 
82 6.67E-009 4.05 10.227 0 
83 6.67E-009 4.1 10.501 2.44189E-10 
84 3.10E-008 4.15 10.533 6.40911E-10 
85 2.35E-008 4.2 10.377 4.92572E-10 
86 1.82E-008 4.25 10.54 2.42721E-10 
87 1.48E-008 4.3 10.379 1.07521E-09 
88 8.89E-009 4.35 10.53 6.44018E-10 
89 1.61E-008 4.4 10.341 4.28699E-10 
90 1.37E-008 4.45 10.277 4.98365E-10 
91 1.08E-008 4.5 11.028 2.32299E-10 
92 1.86E-008 4.55 10.396 8.52411E-10 
93 1.55E-008 4.6 10.457 4.8958E-10 




95 1.89E-008 4.7 10.802 1.08495E-09 
96 1.13E-008 4.75 10.874 0 
97 1.01E-008 4.8 9.84 1.04188E-09 
98 1.02E-008 4.85 10.554 4.85593E-10 
99 6.30E-009 4.9 9.685 2.64819E-10 
100 9.00E-009 4.95 9.995 4.44196E-10 
101 8.18E-009 5 10.782 9.5105E-10 
102 7.15E-009 5.05 10.311 4.30719E-10 
103 7.37E-009 5.1 9.996 4.44292E-10 
104 1.26E-008 5.15 9.752 4.54976E-10 
























































/kg) Height (m) Mass (g) St dev 
1 4.56E-008 10.3 10.339 1.37E-009 
2 7.06E-007 10.2 6.319 1.07E-008 
3 2.52E-008 10.1 10.398 2.46E-010 
4 4.18E-008 10 4.841 1.40E-009 
5 2.47E-008 9.9 10.477 4.22E-010 
6 3.14E-008 9.8 10.123 4.37E-010 
7 4.86E-008 9.7 10.133 6.64E-010 
8 3.72E-008 9.6 9.958 5.12E-010 
9 2.92E-008 9.5 10.589 6.38E-010 
10 4.04E-007 9.4 7.584 3.33E-009 
11 5.35E-008 9.3 10.381 7.34E-010 
12 4.33E-008 9.2 10.841 8.13E-010 
13 3.38E-008 9.1 10.005 5.10E-010 
14 2.92E-008 9 10.71 4.13E-010 
15 3.65E-008 8.9 9.953 1.12E-009 
16 2.53E-008 8.8 9.915 6.82E-010 
17 2.90E-007 8.7 7.26 4.31E-009 
18 4.45E-008 8.6 10.501 6.41E-010 
19 4.14E-008 8.5 10.587 8.67E-010 
20 4.82E-008 8.4 9.632 4.58E-010 
21 4.58E-008 8.3 10.055 1.10E-009 
22 3.72E-008 8.2 10.239 8.97E-010 
23 1.50E-008 8.1 9.969 0 
24 4.94E-008 8 10.513 8.72E-010 
25 4.74E-008 7.9 9.903 8.90E-010 
26 6.24E-008 7.8 10.288 1.13E-009 
27 1.50E-007 7.7 6.854 1.94E-009 
28 6.20E-008 7.6 10.117 5.01E-010 
29 4.30E-008 7.5 10.836 6.21E-010 
30 4.71E-008 7.33 10.181 4.33E-010 
31 4.44E-008 7.23 10.527 8.71E-010 
32 3.04E-008 7.13 10.106 4.37E-010 
33 2.95E-008 7.03 10.093 2.53E-010 
34 2.11E-008 6.93 10.418 4.25E-010 
35 2.57E-008 6.83 9.2 4.81E-010 
36 2.26E-008 6.73 10.088 2.53E-010 
37 3.26E-008 6.63 10.187 5.01E-010 
38 1.95E-008 6.53 10.351 6.54E-010 
39 1.40E-007 6.43 6.439 2.74E-009 
40 2.45E-008 6.33 10.262 2.49E-010 
41 2.89E-008 6.23 10.308 2.48E-010 
42 2.45E-008 6.13 10.763 4.11E-010 
43 1.15E-006 6.03 6.381 1.47E-008 
44 4.01E-008 5.93 9.814 4.50E-010 
45 3.08E-008 5.83 10.246 2.49E-010 
46 3.51E-008 5.73 8.032 3.18E-010 




48 2.71E-008 5.53 10.187 6.63E-010 
49 2.00E-008 5.43 10.282 2.49E-010 
50 3.76E-008 5.33 6.479 3.94E-010 
51 3.28E-008 5.23 9.754 5.23E-010 
52 3.04E-008 5.13 6.777 1.64E-009 
53 2.30E-008 5.03 10.204 2.51E-010 
54 1.47E-008 4.93 10.057 2.55E-010 
55 2.21E-008 4.83 9.661 5.29E-010 
56 2.08E-008 4.73 10.072 4.40E-010 
57 1.98E-008 4.63 5.552 4.62E-010 
58 1.57E-008 4.53 10.6 8.36E-010 
59 1.56E-008 4.43 10.501 6.45E-010 
60 1.37E-008 4.33 10.265 2.49E-010 
61 1.90E-008 4.23 5.405 1.25E-009 
62 1.36E-008 4.08 5.142 4.99E-010 
63 1.59E-008 3.98 10.53 6.43E-010 
64 1.78E-008 3.88 10.219 4.34E-010 
65 2.01E-008 3.78 10.223 2.50E-010 
66 1.23E-008 3.68 10.451 4.25E-010 
67 1.57E-008 3.58 9.221 4.81E-010 
68 1.73E-008 3.48 10.225 4.33E-010 
69 1.56E-008 3.38 10.307 4.30E-010 
70 1.17E-008 3.28 10.362 4.94E-010 
71 1.19E-008 3.18 10.429 2.46E-010 
72 1.49E-008 3.08 10.273 4.98E-010 
73 1.49E-008 2.98 10.401 8.53E-010 
74 1.18E-008 2.88 10.42 4.26E-010 
75 1.12E-008 2.78 10.477 2.22E-016 
76 1.44E-008 2.68 10.145 5.05E-010 
77 1.28E-008 2.58 10.271 6.60E-010 
78 1.22E-008 2.48 10.162 2.52E-010 
79 8.66E-009 2.38 9.975 2.57E-010 
80 9.66E-009 2.28 9.688 2.65E-010 
81 1.46E-008 2.18 10.034 2.55E-010 
82 8.88E-009 2.08 10.132 0 
83 1.50E-008 1.98 9.281 4.78E-010 
84 8.59E-009 1.93 10.479 4.24E-010 
85 1.12E-008 1.9075 10.303 2.49E-010 
86 1.26E-008 1.8575 10.133 4.38E-010 
87 8.56E-009 1.8075 10.301 2.49E-010 
88 7.50E-009 1.7575 11.03 2.32E-010 
89 9.31E-009 1.7425 9.662 4.60E-010 
90 9.71E-009 1.6925 10.015 5.12E-010 
91 1.66E-008 1.6425 6.179 1.10E-009 
92 9.68E-009 1.5925 10.79 4.75E-010 
93 1.26E-008 1.5425 10.416 2.46E-010 
94 1.43E-008 1.4925 9.088 2.82E-010 
95 9.49E-009 1.4425 10.251 2.50E-010 
96 1.75E-008 1.3925 10.602 4.83E-010 




98 9.26E-009 1.2925 10.499 4.88E-010 
99 6.85E-009 1.2425 10.229 5.01E-010 
100 8.01E-009 1.1925 10.101 6.72E-010 
101 8.81E-009 1.1425 10.213 4.35E-010 
102 8.73E-009 1.0925 9.692 4.58E-010 
103 1.15E-008 1.0425 10.338 6.56E-010 
104 1.58E-008 0.9925 10.268 8.99E-010 
105 8.82E-009 0.9625 10 2.56E-010 
106 9.17E-009 0.9125 9.81 4.53E-010 
107 8.26E-009 0.8625 10.023 2.56E-010 
108 8.70E-009 0.8125 10.139 5.06E-010 
109 8.45E-009 0.7625 10.012 0 
110 1.02E-008 0.7125 10.388 4.27E-010 
111 1.31E-008 0.6825 10.225 4.34E-010 
112 9.36E-009 0.6325 10.198 0 
113 9.83E-009 0.5825 10.08 2.54E-010 
114 1.13E-008 0.5325 10.247 2.50E-010 
115 1.09E-008 0.4325 10.236 1.57E-016 
116 8.94E-009 0.3825 10.064 0 
117 1.01E-008 0.3325 10.372 4.94E-010 
118 9.76E-009 0.2825 10.147 6.68E-010 
119 1.18E-008 0.2325 10.047 2.55E-010 
120 1.03E-008 0.1825 10.294 4.31E-010 
121 1.10E-008 0.1325 10.283 2.49E-010 
122 9.35E-009 0.1125 10.011 5.12E-010 
123 5.92E-009 0.0875 10.297 2.49E-010 
124 9.76E-009 0.06 10.339 7.44E-010 
125 8.84E-009 0.03 10.382 6.53E-010 








































/kg) Height (m) Mass (g) St dev 
1 7.21E-009 5.8 5.847 4.39E-010 
2 7.01E-009 5.75 5.238 9.79E-010 
3 6.82E-009 5.7 10.324 4.28E-010 
4 6.90E-009 5.65 10.176 2.52E-010 
5 7.71E-009 5.6 10.193 1.50E-009 
6 7.19E-009 5.55 10.071 5.05E-010 
7 6.68E-009 5.5 9.496 5.40E-010 
8 8.61E-009 5.45 12.224 2.10E-010 
9 6.57E-009 5.4 10.209 1.11E-016 
10 7.15E-009 5.35 10.753 2.39E-010 
11 5.93E-009 5.3 10.701 6.34E-010 
12 6.27E-009 5.25 9.052 2.83E-010 
13 1.19E-008 5.2 10.504 2.44E-010 
14 4.81E-009 5.15 10.429 0 
15 6.65E-009 5.1 10.137 2.53E-010 
16 9.79E-009 5.05 10.075 1.16E-009 
17 7.61E-009 5 10.248 1.09E-009 
18 8.26E-009 4.95 6.249 1.09E-009 
19 7.82E-009 4.9 5.536 4.63E-010 
20 1.48E-008 4.85 6.502 1.04E-009 
21 7.62E-009 4.8 6.65 3.86E-010 
22 7.38E-009 4.75 10.996 4.66E-010 
23 5.34E-009 4.7 10.438 7.33E-010 
24 8.19E-009 4.65 10.068 6.74E-010 
25 8.04E-009 4.6 10.112 2.53E-010 
26 6.18E-009 4.55 10.365 1.54E-009 
27 1.47E-008 4.5 10.615 2.41E-010 
28 7.93E-009 4.45 10.126 1.58E-009 
29 8.51E-009 4.4 11.258 7.89E-010 
30 5.98E-009 4.35 9.466 2.71E-010 
31 6.02E-009 4.3 10.858 0 
32 3.76E-009 4.25 10.577 4.20E-010 
33 5.14E-009 4.2 9.395 8.19E-010 
34 6.48E-009 4.15 10.494 6.46E-010 
35 5.02E-009 4.1 10.626 4.18E-010 
36 5.69E-009 4.05 10.124 7.60E-010 
37 6.10E-009 4 10.241 5.01E-010 
38 7.88E-009 3.95 9.433 2.72E-010 
39 6.32E-009 3.9 7.455 0 
40 9.00E-009 3.85 8.747 7.76E-010 
41 7.56E-009 3.8 10.091 8.80E-010 
42 5.22E-009 3.75 10.382 0 
43 5.51E-009 3.7 8.238 3.11E-010 
44 4.83E-009 3.65 10.906 4.07E-010 
45 5.90E-009 3.6 10.887 6.23E-010 
46 5.22E-009 3.55 10.362 2.47E-010 




48 1.40E-008 3.45 10.736 0 
49 5.46E-009 3.4 11.165 8.27E-010 
50 5.12E-009 3.35 10.882 4.08E-010 
51 6.52E-009 3.3 10.304 2.49E-010 
52 6.06E-009 3.25 10.696 1.04E-009 
53 7.12E-009 3.2 10.662 2.40E-010 
54 7.39E-009 3.15 10.532 6.43E-010 
55 3.69E-009 3.1 10.227 2.50E-010 
56 7.39E-009 3.05 10.092 4.40E-010 
57 6.53E-009 3 10.711 9.58E-010 
58 3.26E-009 2.95 10.84 6.26E-010 
59 3.68E-009 2.9 11.153 3.98E-010 
60 5.63E-009 2.85 10.349 4.96E-010 
61 6.03E-009 2.8 10.167 9.09E-010 
62 5.15E-009 2.75 10.459 4.90E-010 
63 2.28E-008 2.7 10.624 2.42E-010 
64 1.18E-008 2.65 10.702 4.15E-010 
65 7.25E-009 2.6 10.355 4.29E-010 
66 9.77E-009 2.55 10.361 4.29E-010 
67 9.44E-009 2.5 10.473 4.24E-010 
68 7.77E-009 2.45 10.15 4.38E-010 
69 1.08E-008 2.4 10.506 0 
70 8.89E-009 2.35 10.47 4.89E-010 
71 2.74E-008 2.3 10.566 8.75E-010 
72 7.81E-009 2.25 10.983 4.04E-010 
73 8.60E-009 2.2 10.947 2.34E-010 
74 5.76E-009 2.15 11.137 4.61E-010 
75 5.20E-009 2.1 10.743 4.78E-010 
76 7.62E-009 2.05 11.328 2.26E-010 
77 7.30E-009 2 10.708 9.58E-010 
78 6.35E-009 1.95 10.808 6.27E-010 
79 8.42E-009 1.9 10.519 2.44E-010 
80 6.27E-009 1.85 10.499 2.44E-010 
81 5.96E-009 1.8 10.891 2.35E-010 
82 6.20E-009 1.75 10.719 2.39E-010 
83 5.40E-009 1.7 11.065 4.64E-010 
84 7.19E-009 1.65 10.807 2.37E-010 
85 5.53E-009 1.6 11.165 0 
86 4.91E-009 1.55 10.918 4.07E-010 
87 5.78E-009 1.5 10.426 4.26E-010 
88 5.87E-009 1.45 10.495 4.23E-010 
89 6.55E-009 1.4 10.368 4.94E-010 
90 1.10E-008 1.35 10.889 8.49E-010 
91 1.22E-008 1.3 9.959 1.29E-009 
92 1.71E-008 1.25 10.164 7.57E-010 
93 1.02E-008 1.2 10.068 6.74E-010 
94 9.12E-009 1.15 10.099 2.54E-010 
95 3.41E-008 1.1 10.733 4.14E-010 
96 7.36E-009 1.05 10.472 8.83E-010 




98 1.02E-008 0.95 10.122 1.16E-009 
99 1.30E-008 0.9 11.048 8.37E-010 
100 8.02E-009 0.85 10.896 4.07E-010 
101 2.29E-008 0.8 10.394 4.27E-010 
102 2.56E-008 0.75 9.931 1.29E-009 
103 7.45E-009 0.7 10.267 4.33E-010 
104 6.54E-009 0.65 10.409 4.93E-010 
105 4.25E-009 0.6 10.479 2.44E-010 
106 5.34E-009 0.55 10.59 2.42E-010 
107 7.22E-009 0.5 10.894 6.23E-010 
108 5.67E-009 0.45 11.316 2.27E-010 
109 8.82E-009 0.4 10.393 0 
110 4.54E-009 0.35 10.241 2.50E-010 
111 6.80E-009 0.3 11.025 6.98E-010 
112 4.86E-008 0.25 11.259 6.02E-010 
113 2.69E-008 0.2 10.727 6.32E-010 
114 9.73E-009 0.15 10.412 6.52E-010 
115 3.03E-008 0.1 10.536 2.43E-010 
116 1.03E-008 0.05 10.254 6.62E-010 

































APPENDIX B: RAW GAMMA-RAY SPECTROSCOPY (GRS) RESULTS 
 
 
EF Section, Texas 
   
GRS K (c/min) GRS Th (c/min) GRS U (c/min) Height (m) 
121.5 15.3 97.9 0 
130.4 9 96.3 0.1 
121.5 20 93.7 0.2 
126.7 23.7 106.2 0.3 
127.3 21.6 89.5 0.4 
137.7 22.1 94.2 0.5 
124.7 23.7 85.8 0.6 
133 19 83.7 0.7 
174.8 21.1 92.6 0.8 
172.2 26.8 86.4 0.9 
197.3 28.4 92.1 1 
182.1 39.9 80.6 1.1 
205.6 34.6 80.6 1.2 
203.5 35.7 73.8 1.3 
222.4 36.7 78 1.4 
261.1 34.1 99.4 1.5 
295.6 45.1 103.1 1.6 
275.2 45.1 97.3 1.7 
280.9 58.2 91.1 1.8 
348 65.5 83.8 1.9 
271.5 35.2 86.4 2 
205.1 32 87.4 2.1 
184.7 30.5 80.6 2.2 
185.3 36.2 70.2 2.3 
193.6 25.2 75.9 2.4 
170.1 29.4 69.1 2.5 
153.9 23.1 71.2 2.6 
141.8 20.7 63.6 2.7 
161.7 24.7 68.1 2.8 
157.6 25.8 69.1 2.9 
169.1 25.2 60.2 3 
156.5 23.1 61.8 3.1 
160.7 22.6 62.3 3.2 
179 24.7 77 3.3 
181.6 26.8 72.8 3.4 
173.8 15.8 52.9 3.5 
167 24.2 65.5 3.6 
185.8 29.4 78 3.7 
179.5 25.2 62.8 3.8 
150.8 29.4 71.2 3.9 
172.2 25.8 77.5 4 
185.8 31 68.6 4.1 
168.5 25.8 73.3 4.2 
181.1 23.7 74.3 4.3 
166.4 25.2 77 4.4 
159.1 16.9 73.8 4.5 




169.6 22.6 62.3 4.7 
169.1 26.3 72.8 4.8 
192 18.4 68.1 4.9 
157 26.3 66 5 
176.9 23.7 75.9 5.1 
199.9 27.3 71.7 5.2 
161.7 19 55 5.3 
167.5 19.5 73.8 5.4 
158.1 20.7 74.3 5.5 
171.2 22.1 58.7 5.6 
171.7 27.3 76.4 5.7 
160.7 25.8 62.3 5.8 
167 17.9 79.6 5.9 
156 25.8 73.8 6 
145.6 25.2 66.5 6.1 
218.7 27.8 69.1 6.2 
291.4 39.9 84.8 6.3 
428.7 56.6 119.9 6.4 
487.8 73.9 117.3 6.5 
562.1 71.3 138.3 6.6 
518.1 61.9 140.3 6.7 
442.8 55.1 128.3 6.8 
541.8 72.9 134.1 6.9 
538.1 65.8 129.9 7 
505.1 60.3 123.1 7.1 
514.5 81.8 123.6 7.2 
538.6 84.4 134.1 7.3 
549.1 66.1 133 7.4 
619.5 72.9 129.4 7.5 
591.4 74 150.9 7.6 
551.1 64.5 157.7 7.7 
622.1 72.9 148.3 7.8 
611.4 79.2 151.5 7.9 
471.6 60.8 134.1 8 
437.1 40.4 152.9 8.1 
360.2 45.1 128.8 8.2 
386.9 45.7 113.1 8.3 
370.6 53.5 121 8.4 
365.9 45.1 106.8 8.5 
357.5 36.8 107.9 8.6 
393.6 49.3 114.7 8.7 
371.6 35.7 96.9 8.8 
349.6 47.2 105.3 8.9 
394.1 40.9 112.6 9 
375.3 46.7 101.6 9.1 
386.8 40.9 113.6 9.2 












Growing up in a family that emphasized travel, outdoor activities and hiking, Matthew 
couldn’t help but develop a broad and intense interest in geology at an early age. After attending 
field camp in South-west Utah, where he worked on the Triassic Moenkopi Formation in areas 
such as Zion National Park, Matthew decided that he would like to study and work on 
sedimentary sequences. Matthew graduated with his Bachelor of Science Degree in Geology in 
2009 but decided to stay at LSU to pursue graduate studies with Dr. Brooks Ellwood. Matthew’s 
graduate research has included fieldwork in West Texas, Vietnam and China. Matthew completed 
summer internships with Chesapeake Energy (2010) and Chevron Energy Technology Company 
(2011). Matthew will graduate with a Master of Science degree in May 2012. Matthew has 
accepted a position with Chevron Energy Technology Company, located in Houston, Texas.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
